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Longitudinal differences in brook trout density and mean length
in headwater streams of western Massachusetts
Kathryn A. Cooney and Paul D. Damkot, University of Massachusetts Amherst, Amherst MA 01003,
USA

Abstract: Brook trout (Salvelinus fontinalis) face many threats throughout their native range in
the eastern United States including climate change, invasive species, and recreational angling.
Understanding the habitat requirements and distribution of young of the year and adult brook
trout in small headwater streams is essential for the conservation of the species. With this
research, we sought to better understand the distribution pattern of young of the year, detect
seasonal movement of adults before and during the spawning season, and determine if young of
the year and adults preferentially inhabit stream reaches of different sizes. To explore these fishhabitat relationships, we electrofished 30 meter reaches with catchment areas ranging from 0.09
km2 to 4.90 km2 in the headwater systems of two western Massachusetts watersheds. Sampling
was conducted during the spring and fall of 2014. We used generalized linear mixed models to
evaluate young of the year density and linear density, adult density and linear density, and mean
length of all fish sampled. The results for young of the year indicate that their distribution is
quadratic or increases with stream size. We found no seasonal differences in adult densities. We
also did not find a longitudinal difference in mean length. These results lead us to believe that the
catchment sizes included in this study are equally important for brook trout persistence and
should all be considered conservation priorities. This study demonstrated a need for additional
research in the upper reaches of headwater streams since our models did not explain a significant
proportion of the variability in the data. Additional landscape variables should be measured to
better understand how brook trout population dynamics vary longitudinally in headwater streams
and how the streams should be managed in the future.
Introduction:
Brook trout (Salvelinus fontinalis) are stream-dwelling fish native to the Eastern United
States. Brook trout depend on cold, oxygenated water for suitable habitat and have a narrow
thermal limit (10-19°C: Hillman et al. 1999), and thus are likely to be impacted negatively by
increasing water temperatures associated with climate change. In addition to decreased habitat
availability due to warming waters, the distributions of warmer water stream species such as
smallmouth bass (Micropterus dolomieu), brown trout (Salmo trutta), and rainbow trout
(Oncorhynchus mykiss) are shifting upstream and putting additional pressure on native brook
trout (EBTJV 2006).
Populations of brook trout are declining over much of their native range with many
isolated to the headwaters of stream systems (Hudy 2008). These isolated populations are
particularly vulnerable to habitat degradation and changes in stream connectivity (Mollenhauer
et al. 2013). It is thus important to understand how these populations are distributed throughout
streams and how habitat use changes longitudinally. Although considerable research has
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examined brook trout ecology and movement patterns (Ficke et al. 2009), there is still
uncertainty on how movement and habitat use varies spatially and temporally.
The distribution of young of the year (YOY; age-0) brook trout has received limited
attention despite its ecologically important consequences. The abundance of age-0 trout may be
limited by substrate composition, because brook trout prefer to spawn on gravel substrate
(Brasch et al. 1973). Another factor that has been studied is the influence of aquatic vegetation
on brook trout density. Aquatic vegetation is important for age-0 trout because they depend on it
for cover. Aquatic vegetation has been positively correlated with trout density (Maki-Petays et
al. 1997). A study by McRae et al. (2011) found that water temperature was also an important
variable related to age-0 brook trout density in the Au Sable River watershed of Michigan.
Another important aspect of brook trout ecology is the seasonal shift in adult movement
and habitat use. However, much of the research on brook trout movement has examined nonnative populations in the western United States (Gowan and Fausch 1996). It has been found that
adults move upstream in the fall to spawn (Ficke et al. 2009; Gowan and Fausch 1996; Petty
2005), but these seasonal movements have not been quantified in small headwater streams.
Movement during this time is an important indicator of habitat characteristics for redd-site
selection and can be used to identify critical spawning habitat areas. Fall movement may also be
related to decreasing water temperatures downstream that allow for increased distribution as
lower reaches return into the thermal range of brook trout (Mollenhauer et al. 2013). In this case,
brook trout may move downstream in the fall to spawn instead of upstream due to increased
stream velocity, rocky substrate, and woody debris.
The analysis of mean length of fish in stream reaches may indicate the age structure of
fish and their distribution in the stream. This may also provide a better understanding of the
habitat use of different age classes. Fish size may also influence stream-dwelling fish movement
and habitat use (Quinn and Kwak 2011; Bunnell et al. 1998). Petty et al. (2005) found that large
adults inhabited larger stream reaches in the summer months due to increased resource
availability but in the fall, large adult density trends were highest in areas with large amounts of
suitable spawning habitat.
One aspect of brook trout habitat use that hasn’t been researched extensively is the
relationship between brook trout density and catchment area. Catchment is defined as the land
area that contributes runoff to a given hydrologic system (Lawlor 2004). As catchment area
increases, stream bankfull width, velocity, and depth also tend to increase. A study by Mason
(2009) found that mean wetted width and drainage area were significantly correlated with brook
trout density in central Pennsylvania streams. Mason (2009) found that mean wetted width was
negatively correlated with brook trout density, indicating that brook trout density decreased as
stream size increased. Catchment area was also found to be negatively correlated in this study,
indicating that smaller reaches had a higher density of brook trout. In a study by Petty et al.
(2005), nearly 80% of observed spawning of brook trout in the central Appalachian Watershed
occurred in tributaries with a catchment area less than 3km².
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In this study, we hypothesized that catchment area and mean bankfull width would be
correlated with age-0 density, adult changes in seasonal density, and mean length of brook trout.
We chose to include bankfull rather than wetted width because we feel that it better describes
stream channel morphology and maximum discharge levels in stream reaches. This analysis
tested that brook trout disproportionately occupy stream reaches of a particular size. We
predicted that age-0 brook trout density would be negatively correlated with catchment area and
mean bankfull width. This would result in higher age-0 densities in smaller stream sizes where
there is potentially more aquatic vegetation. Secondly, we predicted that adult brook trout
densities would shift upstream during the fall in response to the spawning season. We also
predicted that mean length would be positively correlated with catchment area and bankfull
width. This would result in larger adult fish inhabiting larger stream reaches.
Methods:
Study Site Selection
This study was conducted in two watersheds near the University of Massachusetts
Amherst. The Amethyst Brook watershed is located in the towns of Amherst and Pelham, east of
the university campus. We selected four streams for sampling in the Amethyst Brook watershed:
Buffam (B), Buffam Tributary (BT), Heatherstone (H), and Nurse (N). The West Brook
watershed is located in the town of Whateley, northwest of the university campus. We selected
five streams for sampling in the West Brook watershed: Avery (A), Jimmy Nolan (JN), Obear
(O), Sanderson (S), and Sinkpot (Si). These sites were sampled in two seasons. Spring sampling
occurred from May 19-June 27 and fall sampling occurred from September 4-September 26.
We used the National Hydrography Dataset Plus Version 2.1 (NHDPlus) dataset and
ArcGIS v10.1 (Esri, Redlands, CA, USA) to identify potential study sites. Using the NHDPlus
flow accumulation layer, we identified sites with catchment areas ranging from 0.1 km2 to 1.0
km2 in 0.1 km2 increments and 1.0 km2 to 5.0 km2 in 0.5 km2 increments for all streams sampled.
In the field, we used a handheld GPS unit (GPSmap 62sc; Garmin, Salem, OR, USA) to locate
sampling sites. In most cases, the GPS coordinates were used to determine the downstream limit
of each study reach. However, in some instances it was necessary to shift sites slightly upstream
or downstream in order to sample them adequately. The number of sites sampled per stream
ranged from three sites (Si) to 18 sites (O). As this research was part of a related study
examining the upstream limit of brook trout distributions, we sampled sites with catchment
areas less than 1.0 km2 more intensively than sites with catchment areas greater than 1.0 km2.
Although brook trout was the only species present at most sites, other species encountered during
sampling included brown trout, slimy sculpin (Cottus cognatus), and blacknose dace
(Rhinichthys atratulus).
Field Methods
We sampled brook trout in 30 m stream reaches with a Smith-Root LR-20B backpack
electrofisher (Smith-Root, Vancouver, WA, USA). The electrofisher was set to constant direct
current and the lowest effective voltage in order to minimize harm to fish. To prevent
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immigration and emigration during sampling, we deployed block nets at the upstream and
downstream limits of each reach (Peterson et al. 2005). In a few instances, natural barriers were
used in place of block nets. We used standard 2- or 3-pass removal-depletion methods to
estimate brook trout abundance (Zippin 1958, Seber and Le Cren 1967). We anesthetized fish
using clove oil and measured fork length to the nearest mm. All fish were allowed to recover
fully before being returned to the stream. During the spring sample, we did not collect YOYs, as
they were not fully recruited to the electrofishing gear and were also extremely fragile due to
their small size. Following fish sampling, we measured wetted width systematically at five
locations approximately evenly spaced throughout each reach. Midway through the spring
sample, we also began measuring bankfull widths at the same locations as wetted widths. We
sampled 96 sites during the spring and fall samples, for a total of 192 sites sampled.
Statistical Methods
We used length frequency histograms to assign fall sample brook trout to YOY and adult
(age-1 and older) age classes (Appendix 1). Brook trout of intermediate lengths that could not be
identified confidently as YOY or adult were excluded from analyses. We analyzed density (n
100 m-2) and linear density (n 10 m-1) separately for the two age classes, using YOY data from
the fall sample and adult data from both seasons. Mean length analysis was conducted using both
age classes from the fall sample only.
For each site sampled, we estimated brook trout abundance using the Seber-Le Cren
method when two passes were conducted (Seber and Le Cren 1967) and the Zippin method when
three passes were conducted (Zippin 1958). Each time we sampled a site, we calculated total area
sampled using mean wetted width and reach length. Abundance estimates and total area sampled
were then used to calculate brook trout densities, and reach length was used to calculate linear
densities. Linear densities were calculated to better represent the availability of habitat suitable
for age-0 brook trout. In headwater reaches, the entire area may be suitable habitat for YOY with
aquatic vegetation and ample hiding spots. However, reaches with larger catchment areas may
not necessarily provide greater amounts of suitable YOY habitat, as YOYs tend to aggregate
along the banks where there is more vegetation to provide cover and they can avoid the faster
current of the thalweg (Nislow personal communication). Therefore, although the relative area of
available brook trout habitat may differ between upstream and downstream reaches, the area of
habitat utilized by age-0 brook trout may be comparable. Densities and linear densities were
rounded to integers before modeling. Mean bankfull widths were calculated using five widths for
sites that were measured only during the fall and ten widths for sites that were measured both
spring and fall. We used the R statistical software and RStudio (Version 0.98.1073 – © 2009-2014
RStudio, Inc.) for all subsequent statistical analyses.
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Figure 1: Brook trout YOY linear density as a function of mean bankfull width. A quadratic
trendline provided the best fit for the data.

Figure 2: Brook trout YOY density as a function of catchment area. A quadratic trendline
represented the best fit for the data.
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Figure 3: Brook trout adult linear density as a function of catchment area. A quadratic trendline
represented the best fit for the data.
We used generalized linear mixed models and the glmer function in the lme4 R package
to examine the relationships between YOY brook trout density or linear density, with watershed,
mean bankfull width, and catchment area as fixed effect covariates. Stream was included in all
models as a random effect. We used generalized linear mixed models and the glmer function in
the lme4 R package to examine the relationships between adult brook trout density or linear
density with watershed, mean bankfull width, catchment area, and season as fixed effect
covariates. Stream was included in all models as a random effect. Exploratory data analysis
suggested a quadratic relationship might best explain some of the variables (Figures 1-3), so
quadratic models were also included for bankfull width and catchment area. We used linear
mixed effects models and the lmer function in the lme4 R package to examine the relationship
between mean length with watershed, mean bankfull width, and catchment area as fixed effect
covariates. Stream was included in all models as a random effect.
We used Akaike’s information criterion corrected for small sample sizes (AICc) for
model selection. Models were considered to be significantly different if ΔAICc values were
greater than 2. We evaluated model performance using marginal R2 and conditional R2.
Marginal R2 describes the proportion of variance explained by the fixed factors alone, while
conditional R2 describes the proportion of variance explained by both the fixed and random
factors (Nakagawa and Schielzeth 2013).
Results:
Analysis of length frequency histograms yielded maximum YOY sizes ranging from 6784 mm and minimum adult sizes ranges from 75-112 mm (Table 1). The minimum separation
between age-0 and adult brook trout was 8 mm (H, A) and the maximum separation was 38 mm
(Si). Overall, only 2% of the total length data collected in the fall was discarded due to
intermediate lengths. At most, this represented 6% of the length data for a single stream sampled
in the fall.
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Table 1: Maximum YOY lengths, minimum adult lengths, and YOY-adult age class separation
determined from length frequency histograms. Total brook trout collected and number of fish
discarded due to unassignable age class are also provided for each stream.

Table 2: AICc, ΔAICc, marginal R2, and conditional R2 values for all models. Stream was
included as a random effect in all models. Models are considered significantly different if ΔAICc
values are greater than 2.
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Of 96 sites sampled during the fall, 26 were not occupied by age-0 brook trout. For the
remaining sites, YOY densities ranged from 2.1 100 m-2 (Si, 0.4472 km2 catchment area) to
108.7 100 m-2 (Si, 0.8154 km2 catchment area). Linear YOY densities ranged from 0.03 10 m-1
(Si: 0.4473 km2, JN: 0.3024 km2, and N: 0.2016 km2) to 1.7 10 m-1 (JN, 0.3024 km2). There were
17 of 96 sites sampled in the spring that were not occupied by adult brook trout. Adult densities
ranged from 0.94 100 m-2 (A, 1.3644 km2) to 57.6 100 m-2 (N, 0.4086 km2). Adult linear
densities ranged from 0.3 10 m-1 (B: 0.4122 km2, 0.54 km2, 1.6497 km2, N: 0.3339 km2, 0.6822
km2, A: 1.3644 km2, JN: 0.1008 km2, 0.2466 km2, 0.3024 km2, O: 0.1008 km2, 0.0999 km2) to
10.3 10 m-1 (A, 4.7925 km2). There were 24 of the 96 sites that contained no adult brook trout in
the fall. Adult densities ranged from 1.2 100 m-2 (A, 0.5166 km2 ) to 60.9 100 m-2 (H, 0.9108
km2). Adult linear densities ranged from 0.3 10 m-1 (Si: 0.8154 km2, 0.4473 km2, O: 0.1008 km2,
and JN: 0.7173 km2) to 14.7 10 m-1 (S, 3.0204 km2). Mean brook trout length ranged from 49.7
mm (N, 0.8154 km2) to 136.7 mm (JN, 0.8217 km2).
The model that best described age-0 density included catchment area, mean bankfull
width, watershed, and a quadratic for catchment area. The ΔAICc value for this model was far
superior to all other models explored and the model explained 15.1% of the variance in the data
(Table 2). Age-0 linear density was best described by a model including mean bankfull width, a
quadratic for bankfull width, catchment area, and watershed. The ΔAICc value for this model
was significantly smaller than all other models and the model explained 30.9% of the variance
(Table 2).
For adult density, the best model included the variables of catchment area, mean bankfull
width, season, and watershed, with no quadratic variables. However, the ΔAICc value indicates
that the model was not significantly better than eleven other models. The fixed variables only
explained 10.7% of the variance while the combination of both fixed and random variables
explained 21.5% of the variance (Table 2). Adult linear density was best explained by a
quadratic model including mean bankfull width, catchment area, season, and watershed with a
quadratic variable of catchment area. This model was not significantly different from one other
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model. It described 34.3% of the variance explained by the fixed factors and 40.7% of the
variance explained by the fixed and random variables (Table 2).
The model best explaining fall mean length included a single fixed variable of watershed.
The model was not significantly different from four other models and only explained 0.86% of
the variance. Both the marginal and conditional model evaluations explained the same proportion
of the variance (Table 2).
Discussion:
YOY density tended to be greater at intermediate catchment areas (Figure 2), although
the trendline did not describe a significant portion of the data due to the high degree of
variability in YOY density among sites with catchment areas less than 1 km2. Mean bankfull
width was also a significant predictor of YOY density (Table 2). YOY linear density was
positively correlated with mean bankfull width (Figure 1), however the best model suggested that
there was a quadratic relationship between these variables. This quadratic relationship was not
evident in the figure because we could not extrapolate beyond the bankfull widths sampled.
Catchment area was also a significant predictor of YOY linear density (Table 2). Our prediction
of YOY density and linear density increasing at smaller stream sizes was not supported. It
appears that there is either a quadratic relationship where some intermediate stream size has the
highest density or densities increase with increasing stream size.
Adult density was best described by mean bankfull width, catchment area, season, and
watershed. However, eleven other models with varying combinations of fixed effects were not
significantly different. The only constant variable in all twelve models was catchment area.
Adult linear density had two suitable models that had the same variables with the exception that
one contained season and one did not. Catchment area was a quadratic variable but larger
catchment areas needed to be sampled to observe the entire curve (Figure 3). Our prediction that
adult density would shift upstream during the fall was not supported. For both YOYs and adults,
our linear density models explained twice the variation in our data compared to our density
models (Table 2). Mean length models described very little of the variability in the data and we
found no significant longitudinal trend. This suggests that YOY and adult brook trout are not
utilizing different catchment sizes as we predicted.
The density of young of the year brook trout is an important indicator of good spawning
habitat because YOY have limited mobility and stay in the vicinity of the spawning area. Adults
may move throughout the entire watershed with higher densities indicating seasonally important
resources (Petty 2005). Although seasonality of adult density was included in our best models,
not all models with an ΔAICc less than 2 included season. We did not find a significant seasonal
change in adult density or linear density that would indicate adults moving upstream in the fall to
spawn. Mean length may not be a good characteristic to use when analyzing such small streams
and may offer better results when applied to larger streams to detect a difference in YOY and
adult preferred habitats. In addition, we did not find a strong relationship between adult and
YOY densities. Due to the more sedentary behavior of YOYs, this suggests that although adults
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might have preferred spawning areas, they utilize the entire length of headwater streams during
other times of year.
Although we were unable to identify specific catchment areas or mean bankfull widths
with significantly higher YOY or adult densities, we feel that all catchment areas in the study are
important for brook trout conservation because there are still many uncertainties about how
YOYs and adults use the habitat. Headwater reaches will become increasingly important as
climate change causes waters to warm and brook trout habitat to shrink (Hudy 2010). Further
research on the habitat use of brook trout in cold headwaters may be the key to brook trout
survival as their southern boundaries are pushed upstream.
Increased understanding of habitat use and seasonal movement of brook trout will help
researchers identify important stream habitats that need to be protected to mitigate the effects of
climate change and invasive species. More needs to be known about brook trout ecology in small
headwater streams before management activities can be implemented. Once there is a better
understanding of the fish-habitat relationships, direct conservation efforts and restoration
programs can be done to critical areas for sustaining brook trout populations (Mollenhauer
2013). Understanding these ecological interactions can also help predict the consequences of
habitat changes.
Our results provide a preliminary look at how catchment area and mean bankfull width
can be used to analyze fish densities and lengths. However, even our best models only accounted
for 40% of the variation in the data. Future studies should be done to identify other landscape
variables that influence YOY and adult distributions. Also, since this study was a subset of
another project, the sites were sampled unevenly throughout the watershed. A disproportionate
number of sites had catchment areas less than 1 km2, and future research would benefit by more
even sampling of larger catchment areas throughout the watershed.
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Appendix 1: Length frequency histograms for each of the nine streams sampled. Each histogram
has 1mm bin widths.
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